A method for the determination of cyanate concentration in blood plasma over the range I to 1000 pM is presented. Cyanate present in the dried residue of acetone-deproteinized plasma is converted to a chromophoric thiocarbamyl derivative by addition of pH 3.0-buffered thionitrobenzoic acid. The derivative is then analyzed by reversed-phase high-performance liquid chromatography with detection at 3 I3 nm, near the absorption maximum. Carbamyl thionitrobenzoic acid peak height is quantified by comparison to a standard curve made by analysis of plasma samples to which known quantities of cyanate have been added. This technique is sensitive and linear with respect to cyanate concentration, and is faster than other reported methods; sample analysis and column regeneration are accomplished within 20 min.
It has been speculated that cyanate, a breakdown product of urea, increases in concentration in animals that lack or have malfunctioning kidneys (1) . This hypothesis is based on two facts: blood urea levels rise during uremia (2) , and cyanate is formed from urea (3) . Since cyanate is known to inactivate proteins (4) , it has been proposed as a potential uremic toxin. Further, a possible relationship between increased plasma cyanate levels and lowered core temperature has been suggested (5). To investigate these hypotheses it was necessary to measure plasma cyanate levels accurately in uremic animals. Unfortunately, with the exception of an assay reported by Nigen et al. (6) , previously published cyanate assays either were not sufficiently sensitive, were not specific for cyanate, or could not be used in plasma or blood (7) (8) (9) (10) (11) . The drawback to the assay developed by Nigen et al. was the use of an amino acid analyzer, rendering it costly and slow.
Because the cyanate ion has no absorption in the uv/vis range, alternative strategies are required to allow its measurement. Therefore, we chose to measure cyanate as a chromophoric derivative formed by reaction with 2-nitro-5thiobenzoic acid (TNB)'; cyanate is known to react rapidly with sulthydryl groups to form an acid-stable thiocarbamyl product ( 12, 13) , and this reaction is shown in Scheme 1. The 2-nitro-5thiocarbamylbenzoic acid (carbamyl-TNB) formed was separated from excess TNB and other constituents in the plasma residue by reversed-phase HPLC, and its absorbance was monitored at 3 13 nm. Thus, a specific, sensitive, and rapid assay for plasma cyanate has been developed.
MATERIALS AND METHODS
HPLC-grade CH$ZN was from Burdick and Jackson, Sequanal-grade trifluoroacetic EIGER AND BLACK
acid was from Pierce, heptafluorobutyric acid and tri-n-butylphosphine were from Aldrich, and 5,5'-dithiobis(2-nitrobenzoic acid) was from Sigma. All water was glass redistilled and deionized. Sodium cyanate was purchased from Aldrich and recrystallized before use by the technique of Cerami et al. (14) . All other chemicals were reagent grade.
Sample preparation. Polypropylene microcentrifuge tubes (1.5 ml) containing heparinized blood were centrifuged at 8OOOg for 2 min in a Brinkman 3200 microfuge. To deproteinize the plasma, 1 ml of acetone was added to 200 ~1 of plasma. This mixture was shaken and centrifuged. The supernatant (1 ml) was transferred to a new tube and dried under a stream of nitrogen. Tubes were then capped and frozen until analysis. For construction of standard curves, samples were prepared in the same manner except that known amounts of cyanate were added to distilled water or plasma before deproteinization.
Assay of cyanate concentration. A stock solution of 2.5 mM DTNB was prepared in l/4 (v/v) CH,CN/0.2 M citrate-phosphate buffer, pH 3.0, and stored in l-ml aliquots at -20°C. Just prior to use the DTNB was reduced to TNB by addition of 5 ~1 of tri-nbutylphosphine (15). Of this TNB reagent 100 ~1 was then added to each deproteinized and dried cyanate sample to be analyzed. After 10 min of incubation at room temperature (23"C), the reaction was stopped and the product stabilized by addition of 5 ~1 of 88% formic acid. Then, an aliquot was analyzed by HPLC with isocratic elution at a flow rate of 1 ml/min, using the following equipment: a Waters RESOLVE spherical Cl8 column (5 pm, 3.9 mm X 15 cm), a Waters liquid chromatograph equipped with a Model 6000A pump, a Model U6K injector (2.0-ml sample loop), and a Model 440 absorbance detector set for operation at 313 nm. After completion of an analysis, the column was regenerated with 4/l (v/v) CH3CN/running buffer to remove tightly bound compounds such as DTNB, and then reequilibrated with running buffer. Typical analysis and regeneration time was about 20 min.
The effect of pH on carbamyl-TNB formation was assessed with identical samples of 100 I.LM aqueous cyanate that were submitted to reaction with 5 mM TNB reagent prepared with 0.1 M citrate-phosphate buffers of various pH values which also contained 25% CH$N.
The organic solvent was necessary to enhance the solubility of TNB at low values of pH. Analysis of these samples in duplicate by HPLC was as stated above. Kinetics of carbamyl-TNB formation were assessed by periodic sampling of a reaction mixture which contained 5 mM TNB and 10 pM cyanate, pH 3.0, at ambient temperature. Aliquots of equal volume from each sample were then analyzed for carbamyl-TNB formation as indicated above.
Standard curves were generated from A3, 3 nm peak height of the carbamyl-TNB derivative identified on HPLC tracings, after subtraction of the appropriate blank. These corrected values were plotted against the concentration of added cyanate present in the samples before deproteinization.
Spectrometry. Ultraviolet/visible absorption spectra were recorded at ambient temperature with a Varian Cary 2 19 scanning spectrophotometer with a l.O-cm pathlength. Infrared spectra were obtained with a Per-kin-Elmer Model 283 infrared spectrophotometer. For these spectra carbamyl-TNB was prepared, purified by HPLC, and analyzed in KBr pellets. Chemical ionization mass spectroscopy was also performed on HPLC-purified carbamyl-TNB.
The mass spectrometer used was a Finnigan 402 1 quadropole GC-MS-DS with ionizer temperature of 150°C electron energy of 40 eV, and methane at 0.3 Torr.
RESULTS AND DISCUSSION

Chromatographic Identijication of
Carbamyl-TNB When cyanate in aqueous solution or blood plasma was treated with excess TNB, subsequent HPLC analysis showed the occurrence of a new peak not present in control experiments. This compound, indicated by a star in Fig. 1 1 . Reversed-phase HPLC analysis of carbamyl-TNB. Samples of 50 pM cyanate in water (A) or rabbit blood plasma (B) were prepared, derivatized, acidified, and chromatographed as described under Materials and Methods. A 2-4 aliquot (2%) of the final sample was injected in each case. The mobile phase used for HPLC analysis of the sample prepared in distilled water (A) was 0.1% TFA (aqueous), and that used for the plasma sample (B) was 0.1% HFBA (aqueous). The starred peak in each chromatogram corresponds to carbamyl-TNB. and the large peak following this corresponds to unreacted TNB. apparent quantitative formation, stability, and rapid HPLC analysis of carbamyl-TNB suggested this method as a feasible way to assay cyanate concentration.
Choice of running buffer was crucial at low concentrations of cyanate (i.e., less than 50 PM) when measured in blood plasma since there were substances present that eluted near the carbamyl-TNB peak and absorbed at 313 nm. This necessitated small adjustments either in the percentage of CHsCN or in the type of acid in the running buffer. Either mobile phase as used in Fig. 1 should suffice for most applications, although 0.1% aqueous HFBA is suggested for plasma samples. Up to 10% CH3CN may be necessary to provide a retention volume of approximately 5 ml for carbamyl-TNB on a comparable column. Once a running buffer was selected the elution time was quite stable and varied no more than 1.6% from run to run.
pH Dependence and Kinetics of Carbamyl-TNB Formation
Several solutions of TNB with pH values in the range 2 to 6 were prepared and these were used to assay identical samples of cyanate. Results of HPLC analyses of carbamyl-TNB formation for these samples versus pH showed an approximately Gaussian distribution; the maximal amount of carbamyl-TNB product was obtained in the region of pH 3, with the yield decreasing above and below this pH optimum. A similar experiment with cyanate added to plasma yielded nearly identical results. Based on these data all assays were done with buffered TNB solutions of pH 3.0. The decrease in carbamyl-TNB yield below pH 3 was likely due to a decreased concentration of the TNB thiolate anion [thiol, pK 4.53 (16) ]. The decrease in yield above pH 3 is likely due to two factors: the decreased concentration of the protonated form of cyanate (i.e., cyanic acid, pK 2.6) and the increase in the basecatalyzed hydrolysis of the thiocarbamate product. In all assays, samples were quenched with formic acid after 10 min of reaction time. This treatment not only caused a termination of the reaction, but also appeared to stabilize the base-labile carbamyl-TNB product for several hours.
To assess the time dependence of this reaction, reaction mixtures with a low cyanate concentration were quenched at various times and carbamyl-TNB was assayed by HPLC. The results indicated that a maximal formation of product had been reached by 10 mitt, and that this level was reasonably stable up to 1 h. Based on this, standard reaction conditions were set as 10 min at room temperature. As noted above, the formic acid quench that is performed after this reaction time serves to stabilize the product formed and thus permits HPLC analyses to be performed without severe time constraints.
Dependence of Carbamyl-TNB Formation on Cyanate Concentration
Whether cyanate was added to distilled water or blood plasma, the standard curves for carbamyl-TNB formation were linear over a wide concentration range, as shown in Fig.  2 . This linearity extended for at least three orders of magnitude, from approximately 1 to 1000 PM cyanate. These findings indicate both the efficiency of the chemistry used and the excellent adherence of carbamyl-TNB to Beer's law. Extension of the assay sensitivity to both lower and higher cyanate concentrations should also be possible. In addition, although the plasma data presented were obtained with rabbit plasma, similar results were found when human plasma was used.
Carbamyl-TNB peak height values were slightly higher for the plasma cyanate samples as compared to the aqueous cyanate samples, but the actual respective yields of carbamyl-TNB were essentially identical. The larger values of peak height for plasma cyanate samples were due to the sharper carbamyl-TNB peak obtained with the HFBA mobile
Dependence of carbamyl-TNB formation on cyanate concentration. Samples of cyanate at various concentrations in distilled water (0) or rabbit blood plasma (A) were prepared, derivatized with TNB, acidified, and chromatographed as described under Materials and Methods. The mobile phase used for HPLC analysis of aqueous samples was 0.1% TFA (aq), and that used for plasma samples was 0.1% HFBA (aq). The results are given as the true A3r3 nm peak height of carbamyl-TNB; each point represents the average of duplicate determinations. In each case 2 ~1(2%) of the final sample was used for a given HPLC analysis. The SE is within the symbol in each case.
phase; integrated areas between respective plasma and aqueous samples were equivalent. An illustration of this can be seen in Fig. 1 where the peak heights differ by 20% whereas the integrated areas differ by only 2%. Thus, for routine assays performed with the same chromatographic system, AXI ,,,,, peak height is quite adequate. However, to compare results obtained with differing mobile phases or columns, integrated areas are required.
Proof of Structure
Although studies on concentration and pH dependence indicated the identity of carbamyl-TNB, a rigorous proof of structure was undertaken to firmly establish this assignment. The ir spectrum (KBr pellet) of carbamyl-TNB purified by HPLC was consistent with the proposed structure: UN-~ (3450, 3360 cm-'), Vo-n (3180 cm-', v. broad), vczo (1700 cm-', strong, broadened), VNoz (I 530, 1350 cm-', strong), UC-N (1295 cm-'), vces (7 15 cm-', weak). The 1,2,5 substitution of the phenyl ring was shown by the presence of bands at 870 cm-' (w) and 830 cm-' (m). Further, no free TNB or cyanate was present as evidenced by the absence of absorption in the regions 900-1000 and 2000-2500 cm-', respectively. Chemical ionization mass spectrometry showed the m + 1 ion at m/e 243, as expected for carbamyl-TNB. Prominent ions were seen at m/e 228, 200, and 182, corresponding to the loss of amine-, amide-, and water from the parent ion.
When carbamyl-TNB was formed at acidic pH in the presence of excess cyanate, a uv/ visible absorption spectrum with a maximum at 306 nm was obtained, as shown by the solid spectrum in Fig. 3 ; this spectrum is also identical to that obtained from HPLC-purified material. A new spectrum, equivalent to that of the TNB-thiolate anion [X,,, 410 nm ( 16)] was obtained upon raising the pH to 7.3, as seen by the dashed spectrum in Fig.  3 . When this solution was reacidified, the recorded spectrum did not show a maximum at 306 nm, but rather at 327 nm (Fig. 3 , dotted spectrum), indicative of the protonated TNB thiol ( 16). These results show that the original compound is highly base labile and readily hydrolyzes to TNB. This finding and the low X,,, of 306 nm in the original spectrum are consistent with the compound being the thiocarbamate of TNB.
Thus, these data prove the structure of Znitro-5-thiocarbamylbenzoic acid and show the molecular weight to be 242 and 6306 nm (pH 2.3) to be 6140 M-' cm-'.
CONCLUSION
By taking advantage of the reactivity of TNB toward HOCN, and the analytical utility of reversed-phase HPLC, we have developed an efficient and sensitive assay for cyanate. Wavelength (nm) FIG. 3. Spectral evidence for the identity of carbamyl-TNB. A solution which contained approximately 5 mM TNB, 100 mM cyanate, pH 3.0, was permitted to react at ambient temperature for IO min and was then diluted IOO-fold with IO mM KP04, pH 2.3. The solid spectrum (-) was obtained from I.0 ml of this solution. After addition of 100 ~1 of I M KP04, pH 7.4, to the cell, the dashed spectrum (---) was recorded. Addition of a small volume of I2 M HCI to the pH 7.4 solution lowered the pH to 1.7, and the dotted spectrum (. . a) was recorded.
The carbamyl-TNB formed in this reaction is rapidly analyzed by isocratic elution and is quantified by .4313 nm, near the absorption maximum of 306 nm. Further, cyanate has been analyzed in aqueous solution, or rabbit or human blood plasma with equivalent efficiency down to a concentration of at least 1 PM. The structure of the 2-nitro-5-thiocarbamylbenzoic acid derivative has been proven rigorously.
Relative to existing assays for plasma cyanate, this method requires less expensive equipment and many fewer preparative steps, and is more rapid and possibly more sensitive. In addition, if significantly more sensitivity were required, this assay could be modified by substitution of a thiol fluorophore for TNB and the use of fluorometric detection.
Finally, with the use of this assay endogenous cyanate was detected for the first time in both normal and anephric animals and man (17).
